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Abstract. We use the gravitational wave (GW) events GW170817 and GW190521, together
with their proposed electromagnetic counterparts, to constrain cosmological parameters and
theories of gravity beyond General Relativity (GR). In particular we consider models with a
time-varying Planck mass, large extra-dimensions, and a phenomenological parametrization
covering several beyond-GR theories. In all three cases, this introduces a friction term into
the GW propagation equation, effectively modifying the GW luminosity distance. We set
constraints on ΛCDM parameters and GR deviation parameters using two sets of priors on
the Hubble constant and matter energy density. With priors set to the measured Planck’s
mission values, we find that with the inclusion of GW190521, the two GR deviation parameters
constraints improves by a factor∼ 10, we report a number of spacetime dimensions compatible
with 4 with an precision of 2.5% (at 95% CL) and an upper limit to the variation of Netwon’s
constant at the epoch of GW170817 < 20%. With wide priors on the Hubble constant and
matter energy density, we show that it is still possible to constrain the ΛCDM parameters and
GR deviation parameters conjointly from GW170817 and GW190521 obtaining constraints
on GR deviation parameters which are a factor 2− 6 worse than the results using restricted
priors on ΛCDM parameters.
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1 Introduction
The Standard Cosmological model, also referred to as ΛCDM, is a successful model of the Uni-
verse, whose predictions have passed many precise observational tests in both the early and
late-time universe [1]. Nonetheless, despite its match to a large set of cosmological measure-
ments, the ΛCDM still suffers from important experimental and theoretical difficulties. On the
experimental side, there are discrepancies between independent measurements of the Hubble
constantH0 — the expansion rate of the Universe today — which is a fundamental parameter.
The most cited tension is a 4.2σ discrepancy [2] between H0 = 66.93 ± 0.62 km Mpc−1s−1
inferred by the Planck collaboration from Cosmic Microwave Background (CMB) [3], and the
H0 = 73.5± 1.4 km Mpc−1s−1 [4, 5] measured from Type Ia Supernovae. On the theoretical
side, the nature of the two largest energy contributions, Dark Energy (DE) and Cold Dark
Matter (CDM), still remains unknown [6]. While there are reasons to investigate CDM as
composed of weakly interacting massive particles, few hints exist concerning the physical ori-
gin of DE. Alternative theories of gravity have been formulated to provide an explanation of
the nature of DE on cosmological scales, and also perhaps solve the H0 tension, see e.g. [7–9]
for a review of different modified gravity theories. In these theories the dynamics of perturba-
tions are modified, and hence the propagation of tensor perturbations, namely GWs, differs
from that of General Relativity (GR) [10–12].
GWs offer a unique opportunity to test both cosmology and modified theories of grav-
ity. Indeed, using compact binary systems as standard sirens [13], it is possible to infer
directly their luminosity distance dGWL [13–17] without the use of a cosmological ladder. In
General Relativity, GWs are detected with an amplitude inversely proportional to the stan-
dard, photon luminosity distance of the source dEML (here EM stands for electromagnetic).
In this paper, we consider modified GW propagation equations having a different friction
term relative to GR, and consequently a GW luminosity distance dGWL 6= dEML . If provided
– 1 –
with an observed EM counterpart and its redshift estimation, GWs can be used to measure
both cosmological parameters (H0,Ωm,0) and the parameters describing the modified GW
friction term. Assuming GR is the correct theory of gravity, H0 has been measured using the
GW170817 hosting galaxy identification in [18]; and for standard sirens without an observed
EM counterpart, the same has been done using galaxy surveys [19–23] or methods studying
the clustering of GW signals[24–26]. In the context of modified gravity, GW170817 has been
used to probe several parametrisations of the modified GW friction term [11, 11, 27, 27–
33], however those constraints are not very stringent due to the low-redshift of the event.
Moreover, if (H0,Ωm,0) were left to vary, it was not possible to constrain the GR deviation
parameters and (H0,Ωm,0) together. This is due to the fact that the GW friction parameter
and H0 are strongly degenerate at low-redshift [33].
In this paper we use the GW events GW170817 [34, 35] and GW190521 [36, 37] to
constrain theories of gravity with a modified fiction term. GW190521 is the furthest detection
achieved by the LIGO [38] and Virgo [39] detectors during their third observing run O3 [40, 41]
at a luminosity distance of ∼ 4− 5 Gpc. The detection is associated with the merger of two
black holes producing an Intermediate Mass Black hole. ZTF19abanrhr [42] is the tentative
EM counterpart associated with GW190521, produced by the merger of two black holes in
an AGN disk, at redshift z = 0.438. Assuming that GW190521 and ZTF19abanrhr are
associated with the same astrophysical source, we constrain modified theories of gravity. We
do not report any deviation from GR.
The paper is organized as follow: in Sec. 2 we discuss the inferencial and data frameworks,
in Sec. 3 we introduce the models of modified gravity and their effect, in Sec. 4 we present
our results and in Sec. 5 we discuss them in light of previous results. Finally in Sec. 6 we
draw our conclusions.
2 Data analysis method
The likelihood of having the observed GW data xGW and EM data xEM given a set of
cosmological parameters ~Λ = {H0,Ωm,0} and GR deviation parameters ~α, can be written as
p(xGW, xEM|~Λ, ~α) = 1
β(~Λ, ~α)
∫
dz d~θ p(xGW|~θ)×
× p(xEM|z)p(~θ|z, ~Λ, ~α)p(z|~Λ, ~α), (2.1)
where ~θ are the GW parameters which include the masses in the detector frame and the GW
luminosity distance dGWL ; p(xGW|~θ) is the GW likelihood; p(xEM|z) is the EM counterpart
observation likelihood; and p(z|~Λ, ~α) is a uniform in comoving volume-time prior, independent
of the GR deviation parameters. The term p(~θ|z, ~Λ, ~α) encodes the probability of having a
set of GW parameters ~θ from a given set of (z, ~Λ, ~α). Some of the GW parameters, such as
the GW luminosity distance dGWL are functions of (z, ~Λ, ~α) and for these parameters we can
write p(dGWL |z, ~Λ, ~α) = δ(dGWL − dGWL (z, ~Λ, ~α)). For all of the remaining GWs parameters we
choose priors independent of (z, ~Λ, ~α) that match the default priors used by LIGO and Virgo.
Regarding the distribution of masses in the detector frame, we assume a uniform prior
following [43, 44]. Given the current uncertainties in the population mass models at the
source frame, this is a reasonable assumption [45]. However, in a more accurate analysis, and
in particular when combining a large number of events, physically motivated priors should
be set on the source frame masses. Indeed, the choice of source frame prior can be used for
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cosmological inference as shown in [46, 47]. We therefore use uniform priors on masses in the
detector frame, compatible to the ones used by LVC when computing the detectable fraction
factor. This allows us to write Eq. (2.1) as
p(xGW, xEM|~Λ, ~α) = 1
β(~Λ, ~α)
∫
dz p(xGW|dGWL (z, ~Λ, ~α))
× p(xEM|z)p(z|~Λ, ~α). (2.2)
In Eqs. (2.1-2.2), the factor β encodes selection effects [11, 19, 48], and takes into account
that for some choice of the population parameters, events can be either easier or more difficult
to detect. In order to take selection effects into account, we compute the detectable fraction,
β(Λ, α) =
∫
dzPGWdet (d
GW
L (z, ~Λ, ~α))P
EM
det (z)p(z|~Λ). (2.3)
where PGWdet (d
GW
L ) is the probability of detecting a binary at a distance d
GW
L . In this paper
we make the assumption that the AGN flare can always be detected following a GW like
GW190521, so that P detEM(z) = 1. The same assumption was made for GW170817, as the
detection horizon for short γ-ray burst and Kilonova transients during O2 was significantly
higher than the detection horizon of LIGO and Virgo for GW [19, 49]. The detection prob-
ability for GW170817 was computed using software injections in simulated LIGO and Virgo
data from sensitivities representative of O2 provided with the GW170817 data distribution1,
whilst for GW190521 we have used sensitivities representative of O3a provided with the event
data distribution2.
In order to compute the GW likelihood term as a function of the GW luminosity dis-
tance, we renormalize the posterior samples provided by the LIGO and Virgo collaboration
by a quadratic prior on luminosity distance (used to produce the analysis). For GW170817
we use the posterior samples from the high spin posterior samples of IMRPhenomPv2_NRTidal
[35], while for GW190521 we use the posterior samples provided by the three waveform pos-
teriors presented in [37]: NRSur [50], IMRPhenom [51, 52] and SEOBNR [53]. We calculate the
ZTF19abanrhr line-of-sight posterior distribution on the GW luminosity distance by selecting
all the posterior samples within 0.0045 deg2 from the AGN location and then by marginaliz-
ing the selected posterior samples over all the variables with the exception of the luminosity
distance. The solid angle is chosen in such a way to be small enough around the ZTF coun-
terpart but large enough to contain a reasonable number of samples for fitting the marginal
distance posterior. Several values of the solid angle have been explored in order to check the
validity of our fit, see Appendix A for more details.
For the redshift estimation of GW170817 we assume a gaussian distribution centered
at the value of z = 0.01003 with standard deviation 0.0005. The uncertainty on GW170817
redshift is mostly due to the corrections related to peculiar velocities of NGC4993 [35, 54].
While for GW190521, we fix the redshift to the value of 0.438 [42], neglecting uncertainties on
redshift and peculiar velocity corrections. This should be a good approximation for sources
at these larger redshifts.
Fig. 1 shows the waveforms posteriors on GW luminosity distance renormalized with
a quadratic prior on the GW luminosity distance. The three waveforms predict a different
luminosity distance, although all three show a peak around the ΛCDM luminosity distance
computed assuming no GR deviations. (black dashed line)
1https://dcc.ligo.org/LIGO-P1800061/public
2https://dcc.ligo.org/LIGO-P2000158/public
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Figure 1. Line-of-sight luminosity distance posteriors for the three waveform models for GW190521,
renormalized by a quadratic prior in luminosity distance. The vertical dashed line indicates the ΛCDM
luminosity distance at z = 0.438. Cosmological parameters are set to Planck’s values [55].
3 GW propagation model
In an expanding ΛCDM universe, and taking into account the modified GW friction term,
the propagation for the GW polarizations h (we drop the polarization index for simplicity) is
defined by [56]
h′′ + [2 + αM (η)]
a′
a
h′ + k2c2h = 0, (3.1)
where c is the speed of light, αM (η) is the GW friction parameter, a is the scale factor, k the
comoving wavenumber, and derivatives are with respect to the conformal time η. It follows
that the luminosity distance of the detected GWs in the detector frame is given by
dGWL (z) = d
EM
L (z) exp
[
1
2
∫ z
0
αM (z)
1 + z′
dz′
]
, (3.2)
where z is the cosmological redshift. The form of αM is determined by a given theory of
gravity. In General Relativity αM (z) = 0 for all z, whereas in modified gravity theories it
is generally non-vanishing. In this sense GW190521 is particularly interesting as its higher
redshift ∼ z = 0.44 (relative to GW170817) enables us to probe dGWL (z) (and hence αM (z))
at higher z.
We now consider different parametrisations of dGWL (z) or αM (z) which have been pro-
posed in the literature.
3.1 Ξ-parametrization of dGWL
Scalar-tensor theories of gravitation, in which an additional scalar field couples the spin-2
graviton, have long been studied as alternative theories of gravity. Several classes of increasing
complexity have been developed, including the Brans-Dicke [57]; Horndeski [58–60], beyond-
Horndeski [61], and DHOST [62] theories. As discussed in [63] and first proposed in [56], for
some of these theories (and also for others including the RR and RT models [64, 65]) the GW
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luminosity distance is well parametrised by
dGWL = d
EM
L
[
Ξ +
1− Ξ
(1 + z)n
]
. (3.3)
where Ξ, n > 0. GR is recovered when Ξ = 1, and more generally when Ξ 6= 1 as z → 0. As no
external constraint on Ξ is available from previous measurements, we probe a conservative log-
uniform prior on Ξ = 1 spanning in the range [0.01, 100]. he prior on the stiffness parameter
n is similarly chosen to be uniform within the range [1, 10].
3.2 Extra dimensions
Some modified gravity models, such as DGP gravity [66] and some models of Quantum
Gravity [67], have their origins in extra dimensional space-times: they are characterised by
an additional length scale Rc, beyond which gravity deviates from GR. It follows from flux
conservation that dGWL is modified on these scales, and a parameterisation proposed in [68]
non-compactified extra dimensions is
dGWL =
[
1 +
(
dEML
Rc
)n]D−22n
, (3.4)
where the parameter n encodes the stiffness of the transition and D the number of space-time
dimensions. Here we assume that at the cosmological scales we are probing with these GW
events, Rc  dEML . In that case Eq. (3.4) reduces to the simpler form
dGWL = (d
EM
L )
D−2
2 . (3.5)
In this work we take a uniform prior around the GR expected value D ∈ [3, 7]. (For other
parametrisations and constraints from GWs on extra-dimensional theories, see [69].)
3.3 cM -parametrization
Rather than parametrising dGWL (z) as above, another approach advocated in the literature is
to parametrize the friction term αM (z). In particular, in [11], the authors propose
αM (z) = cM
ΩΛ(z)
ΩΛ(0)
, (3.6)
where cM is a constant, and ΩΛ(z) is the fractional dark energy density. (GR is recovered
when cM = 0.) Indeed for modified gravity models trying to explain dark energy, it is
reasonable to assume that αM is linked to the evolution of the dark energy content of the
universe. Substituting in Eq. (3.2) gives [11]
dGWL = d
EM
L exp
[
cM
2ΩΛ,0
ln
1 + z
Ωm,0(1 + z)3 + ΩΛ,0
]
(3.7)
In this paper we take a uniform prior for cm ∈ [0, 150]. We intentionally exclude negative
values of cM as for very high redshift, dGWL can decrease with redshift. This is clearly a not
physical situation as it would correspond to the possibility of detecting very high redshift
sources with an infinite SNR and it causes also problems for the computation of the selection
effect.
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Table 1. Upper limits and constraints at 95% CL for several parameters describing three models of
alternative theories of GR considered. We report upper limits and constraints for each of the waveform
model (see Fig. 1) and different choices of priors on ΛCDM parameters. “Planck’s” refers to gaussian
priors on H0 = N (µ = 67.66, σ = 0.42) km Mpc−1s−1 and Ωm,0 = N (µ = 0.311, σ = 0.056)[55] and
“Wide” refers to uniform priors in the range H0 ∈ [20, 300] km Mpc−1s−1 and Ωm,0 ∈ [0.2, 1.0].
Model cM -parametrization
Waveform NRSur IMRPhenom SEONBR
Prior Wide Planck Wide Planck Wide Planck
H0[ km Mpc
−1s−1] 8071−18 67.60.9−0.8 8189−18 67.60.8−0.8 8082−17 67.70.9−0.8
Ωm,0 0.6
0.4−0.4 0.3110.011−0.011 0.60.4−0.4 0.3110.011−0.011 0.60.4−0.4 0.3110.011−0.011
cM < 12.6 < 7.0 < 13.0 < 6.0 < 10.4 < 5.1
Model Extra dimension
Waveform NRSur IMRPhenom SEONBR
Prior Wide Planck Wide Planck Wide Planck
H0[ km Mpc
−1s−1] 136128−81 67.70.8−0.8 139121−77 67.60.9−0.8 113144−68 67.60.8−0.8
Ωm,0 0.6
0.4−0.4 0.3110.011−0.011 0.60.4−0.4 0.3110.010−0.011 0.60.4−0.4 0.3110.011−0.010
D 4.40.4−0.5 3.980.08−0.10 4.40.3−0.5 3.990.09−0.12 4.20.4−0.4 3.980.09−0.14
Model Ξ-parametrization
Waveform NRSur IMRPhenom SEONBR
Prior Wide Planck Wide Planck Wide Planck
H0[ km Mpc
−1s−1] 87120−25 67.690.9−0.9 83118−20 67.710.8−0.9 79137−18 67.680.8−0.9
Ωm,0 0.6
0.4−0.4 0.3110.011−0.010 0.60.4−0.4 0.3110.011−0.011 0.60.4−0.4 0.3110.010−0.011
Ξ < 7.6 < 3.2 < 6.3 < 3.2 < 7.4 < 2.5
n 64−5 4.25.3−3.2 64−5 4.65.1−3.5 64−5 4.65.2−3.5
4 Results
As a first check, we estimate H0 and Ωm,0 in the GR limits (no GW friction term). We obtain
estimates of these two parameters consistent with previous studies in [43, 44], see App. (B)
for more details.
We perform two runs with different priors for the ΛCDM parameters H0 and Ωm,0.
In the first run, we fix the gaussian priors on H0 = N (µ = 67.66, σ = 0.42) km Mpc−1s−1
and Ωm,0 = N (µ = 0.311, σ = 0.056) to the measured Planck’s values of [55]. In the second
run we take a uniform prior on both H0 ∈ [20, 300] km Mpc−1s−1, and Ωm,0 ∈ [0.2, 1.0].
We now discuss our results in the context of different modified gravity theories. First
of all, for all parametrizations of the GR deviations, we find that in the case of wide priors,
H0 can be constrained (with high uncertainty if compared to the Planck’s values) while Ωm,0
can not be constrained. See Figs. 2-(3)-(4).
The results for the different theories and priors are given in Tab. 1. In the most general
case with uniform priors on cosmological parameters, we find that GW170817 and GW190521
with their EM counterparts can provide a joint constraint on H0 and on the GR devia-
tion parameters. The effect of combining these two events is shown in Fig. 2 for the cM -
parametrization. In principle, neither of these two events separately can provide a joint
constraint on H0 and cM , since these two parameters are degenerate with each other. How-
ever, as can be seen from Fig. 2, the posteriors have different shapes due to the different
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redshift of the two events. For GW170817, a small variation of H0 can be compensated by a
large variation of cM while for GW190521 the contrary is valid. This can also be seen from
Eq. (3.2). From the joint analysis of the two events, GW170817 provides a good estimate of
H0, while GW190521 provides a good constraint on cM . By combining their posteriors it is
possible to provide a constraints on both parameters, see Tab. 1 for the final values.
For the 3 parametrisations considered in Sec. 3, all the runs with wide ΛCDM priors are
compatible in 1 − 1.5σ confidence Level (CL) with GR and cannot reach the precision that
would be needed to solve the H0 tension. The constraints and upper limits (ULs) that we
provide below are given at 95% CL. We find that for all the waveform models the cM UL is
< 13 while H0 can be constrained to H0 ∼ 81+80−18 km Mpc−1s−1. For the Planck prior we find
that the upper limit on cM improves by a factor of two with respect to wide priors, and we
obtain posteriors on H0 and Ωm,0 consistent with measured values of [55].
Fig. 3 shows our results for the extra-dimensions model with wide priors. Here H0 is
poorly constrained to a value of ∼ H0 = 130+130−81 km Mpc−1s−1 while the number of spacetime
dimensions is measured with an precision of 20% and it is compatible with 4 spacetime
dimensions at ∼ 1.5σ. If we assume Planck’s priors on ΛCDM parameters, we improve the
precision of D measurement to an precision of 5% still compatible with GR within < 1σ CL.
Finally, Fig. 4 shows results for the Ξ−parametrization. In the case of wide ΛCDM
priors we find that H0 can be constrained to ∼ H0 = 87+120−25 km Mpc−1s−1 while the upper
limit on Ξ is found to be < 7.5 at 95% CL. When assuming ΛCDM Planck’s prior, we
improve the constraint on Ξ by a factor of two and recover the Planck’s priors for the ΛCDM
paramters. With either wide or Planck’s priors, we find that the stiffness coefficient n cannot
be constrained and returns the prior distribution. This is mostly because the redshift of
GW190521 is not comparable with the cosmological redshifts at which this parameter could
be constrained [70].
5 Discussion
The inclusion of GW190521 significantly enhances our ability to constrain modified theories
of gravity with respect to previous studies. As mentioned before, when we use wide priors on
ΛCDM parameters, the posterior we find on Ωm,0 is uninformative.
For extra-dimension gravity, the previous constraints of spacetime dimensions from
GW170817 fixing a Planck’s prior had an precision of ∼ 5% (at 1σ CL) [27] and H0 was
not constrained with this modified gravity model. By including GW190521, we improve the
precision of a factor of ∼ 2 reaching an precision of 2.5% (at 1σ CL). On the other hand,
when using wide priors, we obtain an precision on D of ∼ 20% even though in this case the
width of the H0 posterior is very large ∼ 200 km Mpc−1s−1. Note that in this work we have
assumed that extra dimension modifications will appear as soon as we enter into the Hubble
flow. However, some modifications of gravity might appear at higher scales such as 4 Gpc[66].
In this case the number of spacetime dimensions would be more poorly constrained.
For the cM parametrization, previous studies [11] on cM using GW170817 and Planck’s
priors on the ΛCDM parameters, were reporting an uncertainty of ∼ ∆cM = 70. The re-
sults using wide priors were not constraining on cM in the range [−150, 150] and only H0
was measured with an uncertainty of ∼ 80 km Mpc−1s−1 (at 1σ) CL [11]. The addition of
GW190521 brought a non-negligible improvement, in the case of Planck’s priors: the UL of
cM improves by a factor of 20. In the case of the wide priors we are able to provide a mea-
surement of H0 which is ∼ 2 times better and constrain cM conjointly for the first time. Note
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that even in the case of wide priors, our constraints on cM are better than those obtained in
the case of Planck’s ΛCDM priors for GW170817 only in [11]. Even though the constraint
from GW190521 on cM is significantly improved, we are not still at the level of cosmological
motivated constraints that report −0.62 < cM < 1.35 [71], so an improvement of an order of
10 is still needed to reach this precision. This might be achieved by combining other ∼ 100
events similar to GW190521 (time-demanding scenario) or by finding higher redshift GW
events with associated EM counterparts.
For the Ξ-parametrization, previous constrains from this model were provided in terms
of n(1 − Ξ) [72] and were provided with an uncertainty of ∼ 40 at 1σ CL. However, this
type of constraint was valid only at low redshift and it is obtained converting the fractional
uncertainty obtained on H0 for GW170817 to a fractional uncertainty on n(1 − Ξ) [72].
Since we combine two events at different redshifts, we provide directly upper limits on Ξ and
cosmological parameters. In some non-local theories of gravity such as the RR and RT models
Ξ is expected to deviate from 1 at the order of 3-6% values, while n is expected to be 2.5−2.6
[8]. Our results cannot yet rule out these models of modified gravity.
Interestingly, in many modified gravity theories αM is related to an effective running
Planck’s mass Meff(z), or alternatively to an varying effective Newton’s constant Geff(z). For
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these theories it can be shown that [7]
dGW(z)
dEM(z)
=
Meff(0)
Meff(z)
=
√
Geff(z)
Geff(0)
≡
√
Gˆ(z). (5.1)
If we assume that the cM and Ξ parametrizations are representative of these theories, then
we can also obtain a constraint on the value of the Planck’s mass and the Newton constant at
the redshift of GW170817 and GW190521. Let us just report the constraints obtained from
the NRSur waveform model as all of them reproduce consistent results as shown in Tab. 1.
For the Ξ-parametrization using restricted priors we obtain Gˆ(z) = 1.005+0.21−0.06 at the
redshift of GW170817 and Gˆ(z) = 1.10+6.13−0.08 at the redshift of GW190521. While when we
use wide priors we obtain Gˆ(z) = 1.14+1.28−0.17 at the redshift of GW170817 and Gˆ(z) = 5
+57
−4 at
the redshift of GW190521.
Note that for the cM parametrization we can just provide an upper limit. The lower limit
will be 1 and is given by the condition on our priors cM > 0. For the cM -parametrization using
restricted priors we obtain 1 ≤ Gˆ(z) < 1.07 at the redshift of GW170817 and 1 ≤ Gˆ(z) < 7.75
at the redshift of GW190521. While when we use wide priors we obtain 1 ≤ Gˆ(z) < 1.13 at
the redshift of GW170817 and 1 ≤ Gˆ(z) < 21 at the redshift of GW190521.
We note that the results on the variation of the Planck’s mass and Newton’s constant
are compatible between the cM and Ξ prescriptions. We also note that this analysis improves
the variation of the Newton Constant previously reported as −1 < Gˆ < 8 in [73] analyzing
GW170817.
6 Conclusions
In this paper we have presented new results and upper limits on ΛCDM parameters and
different models/parameterizations of GR deviations at cosmological scales using the two
GW events GW170817 and GW190521. With the addition of GW190521 we find that not
only it is possible to jointly constrain H0 and the GR deviation parameters, but it is also
possible to significantly improve previous GWs-based constraints. We found that the precision
on the ΛCDM parameters is not enough to solve the H0 tension when we assume wide priors
on the ΛCDM parameters.
The ULs on GR modifications are improved by a factor of 2 − 10 (depending on the
model) with respect to previous studies, showing that the joint EM and GW detections of
high redshift stantard sirens can be used to constrain GR modifications. Indeed, these results
are not yet accurate as their cosmologically motivated limits such as those from CMB etc. In
order to reach that result we would need an improvement of a factor of 10.
GW190521 and its tentative EM counterpart offer a good opportunity for testing cosmol-
ogy and recently also [43, 44] also studied this event to infer the Hubble constant. Currently,
it is still unclear if ZTF19abanrhr is the actual EM counterpart of GW190521. For instance
Ref. [74] suggest that there is not strong statistical evidence for this association, Ref. [75, 76]
discuss the possibility that GW190521 was by a closer high eccentric binary and [77] study
GW190521 as the merger of two proca stars. Nevertheless, the analysis presented in this paper
shows how GW190521-like events can be informative (when supplied with an EM counterpart)
in constraining modifications of gravity at cosmological scales. Indeed, with higher-redshift
GW sources, in particular expected to be seen in the LISA band, we will be able to constrain
gravity modifications at cosmological scales with a very high precision [78].
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Future GW detections with their EM counterparts will improve the constraints on GR
deviations at cosmological scales, in particular in the case that these are high-redshift detec-
tions such as the one proposed for GW190521 and ZTF19abanrhr. If confirmed the association
of GW190521 with ZTF19abanrhr will provide unprecedented tests of GR.
In this paper we have presented new results and upper limits on ΛCDM parameters and
different models/parameterizations of GR deviations at cosmological scales using the two GW
events GW170817 and GW190521. With the addition of GW190521 we find that not only it
is possible to jointly constrain H0 and the GR deviation parameters, but it is also possible
to significantly improve previous GWs-based constraints. We found that the precision on the
ΛCDM parameters is not enough to solve the H0 tension when we assume wide priors on the
ΛCDM parameters.
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A Extraction of the line-of-sight dGWL posterior
The line-of-sight dGWL luminosity distance posterior is calculated by keeping only the poste-
rior samples that are within a solid angle corresponding to a certain sky area. In celestial
coordinates the solid angle is given by:
dΩ = dδdα cos δ. (A.1)
For the main analysis we chose this solid angle to be 0.0045 deg2 (see Fig. 1). Here we
present how the line-of-sight posterior changes by varying the value of the solid angle from
0.0005 deg2 up to 0.005 deg2. In Fig. 5 we see the variation of the posterior while changing
the solid angle. The number of posterior samples varied from around 1000 samples to 4500
samples with the aforementioned changing of the solid angle. However, the posterior does
not change significantly, indicating that the results are rather robust with respect to small
variations of the solid angle.
B Test runs with no GW friction
We ran an analysis fixing GR (no deviation parameters) and using priors onH0 ∈ [20, 300] km Mpc−1s−1
and Ωm,0 ∈ [0.2, 1.0] using the three different waveform models. Fig. 6 shows the posterior
probability density function that we obtain on H0 and Ωm,0. As it can be seen from the
figure, the different waveform approximants give very similar estimation of the Hubble con-
stant and Ωm,0 (lower values of Ωm,0 are preferred with some approximants). We obtain a
value of H0 = 74+13−7 km Mpc
−1s−1 and Ωm,0 = 0.58+0.25−0.25. These results are consistent with
the analysis of [43] and [44], where different priors were used to estimate H0 and Ωm,0 jointly
with the dark energy equation of state parameters.
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Figure 5. Variation of the line-of-sight luminosity distance posterior with respect to variations of the
solid angle and renormalized by a quadratic prior in luminosity distance. The black vertical dashed
line indicates the luminosity distance at z = 0.438 for a GR ΛCDM Universe with parameters set to
Planck’s values.
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Figure 6. Posterior probability density function on H0 and Ωm for GW170817+GW190521, when
assuming no GR deviation parameters. The posterior probability density function does not show any
particular systematic when changing the waveform approximant as shown in [44].
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